the regulation of this process by insulin is poorly underWe examined the effects of insulin on fatty acid up-stood. In adipocytes, insulin-induced elevations in take in L-cell fibroblasts, using cis-parinaric acid to cAMP levels inhibit catecholamine-stimulated fatty measure uptake rates in the absence of esterification acid transport (4). However, the mechanisms whereby 
Effects of insulin on [

H]oleic acid uptake. Confluent L-cell mono-
Although hormone responsiveness of the plasma layers were cultured in 100 mm polystyrene cell culture plates and membrane protein-mediated fatty acid uptake was in-used to determine the effects of insulin on [ 3 H]oleic acid uptake and vestigated in detail in adipocytes (1-4, 27, 38) , little is esterification. Prior to addition of [ 3 H]oleic acid, the medium was known regarding this process in other cells. To examine removed and the cells were rinsed twice with PBS buffer, and nonserum containing medium was added to the cells. Insulin was added fatty acid uptake in detail, we used murine L-cell fifrom a stock solution for a final concentration of 10, 100, or 1000 nM broblasts, a transformed, highly metastatic cell line and the cells were preincubated for 1 min. After preincubation with (22) (23) (24) (25) . Understanding fatty acid transport in neo-insulin, [ 3 H]oleic acid (2 mCi, 9.2 mCi/nmol) was added from an ethaplastic cells is especially important because specific nolic stock solution for a final ethanol concentration of 1%. The cells fatty acids may act as mediators of tumor cell growth were incubated at 37ЊC for 1 and 30 min followed by aspiration of the medium and the cells were washed twice to remove traces of (8, 34, 35) . To further examine the effects of insulin on [ 3 H]oleic acid. The cells were extracted as described previously (10) .
fatty acid uptake and esterification in L-cell fibroblasts,
The lipid extracts were centrifuged to pellet the protein and the [ 3 H]oleic acid or cis-parinaric acid were used to assess protein analyzed using a modified dye binding assay (5) . The lipid fatty acid uptake in the presence and absence of appre-extracts were evaporated under a stream of nitrogen and the lipids ciable esterification, respectively. redissolved in CHCl 3 . The lipid extracts were quantitatively spotted on an activated silica gel G thin layer chromatography plate (Analtech, Newark, DE) and separated by developing the plate in petro-
MATERIALS AND METHODS
leum ether: diethyl ether: acetic acid (110:90:3.8 v/v/v). Following separation, the lipid bands were visualized using 6-p-toluidine-2-Materials. cis-parinaric acid (MW 276 g/mol) was purchased from napthalenesulfonic acid (1 mM in 50 mM Tris, pH 7.4) (20 buffer containing 0.2% BSA (KRHB, pH 7.4), and cell concentration Cells. Mouse L-cells were grown on 75-cm 2 plastic tissue culture was determined. Unlabeled insulin was prepared fresh daily in silidishes (Corning Corp., Corning, NY) using Higuchi medium (37) conconized glass tubes by serially diluting insulin in KRHB to obtain taining 10% fetal bovine serum (GIBCO, Grand Island, NY). For concentrations in the range of 3 mM to 300 pM. The concentration of fluorescent fatty acid uptake assays, the cells were harvested with a radiolabeled insulin was kept constant at 150 pM. To assay for insulin rubber policeman, washed by centrifugation with phosphate-buffered receptors, cell suspensions (50 ml) were incubated with various insusaline (PBS, 8 mM Na-Phosphate, 130 mM NaCl, 2.7 mM KCl, pH lin concentrations (50 ml) and radiolabeled insulin (50 ml) for 60 min 7.3), and resuspended in the same buffer at a concentration of near at 24ЊC. The reaction was terminated by transferring the incubation 5 1 10 6 cells/ml and diluted for counting. tubes to an ice bath for 5 min, centrifuging for 8 s in a Model E cis-Parinaric acid uptake in suspended L-cells. cis-parinaric acid, Microfuge (Beckman Inc., Fullerton, CA), followed by pipette aspiraa naturally occurring fluorescent fatty acid, was used to examine the tion of the supernatant. Pellets were washed twice by resuspending effects of insulin, glucagon, and epinephrine on fatty acid uptake in in 200 ml ice-cold KRHB and after the final rinse the radioactivity L-cell fibroblasts. This recently developed method (17, 18, 29, 33) associated with the pellet was counted using a Model 5500 Gamma permits the constant monitoring of cellular fatty acid uptake. Briefly, Counter (Beckman Inc., Fullerton, CA). A total of 12 different insulin cis-parinaric acid was added from an ethanolic stock solution (0.1 concentrations ranging from 15 to 1500 pmol were used to establish mg/ml) to 2 ml of constantly stirred cells (150,000 cells/ml) for a final the insulin binding curve. Each data point represents the mean of cis-parinaric acid concentration of 1.8 mM. For all assays, sample 3-8 assays with a precision of {2%. Scatchard analysis was perabsorbance at 310 nm was maintained below 0.15 and the ethanol formed using a Kcat Binding Program, Version 1.3 L (Biometallics concentration was maintained below 0.01%.
Inc., Princeton, NJ). cis-Parinaric acid poorly fluoresces in an aqueous environment, Other assays. Protein was determined using a dye binding assay but there is a concomitant increase in fluorescence when cis-parinaric (5) . The adenylate cyclase assay was performed according to preenters the cell and associates with a hydrophobic environment. Previviously published procedures (12) . Plasma membranes were isolated ous studies have shown that this increase in fluorescence represents from L-cells by a previously published method from this laboratory cellular fatty acid uptake (17, 29, 33). In these experiments, changes (37) and purity was assessed by measuring the marker enzyme, in fluorescence intensity were continuously monitored using an SLM Na / ,K / -ATPase. 4800 fluorimeter (SLM Aminco, Urbana, IL) or a PC2 photon counting fluorimeter (ISS Inc., Urbana, IL) using a dual detector T-format.
Statistics. Statistical analysis was done using Students unpaired Using a xenon-arc lamp, the sample was excited at 324 nm with t test and data are reported as the mean { SE. For the [ 3 H]oleic acid emission measured through a GG-375 sharp cutoff filter (Janos Techuptake experiments with insulin, the data were analyzed using a nology Inc., Townstand, VT). Using a sharp cutoff filter eliminated one-way analysis of variance combined with Tukey's multicomparahighly polarized light. Fluorescence data were collected at a rate of tive posttest using Instat software (Graphpad, San Diego, CA). 50 points/min.
For insulin studies, samples were preincubated with 0, 10, 100, or used to measure fatty acid uptake in L-cell fibroblasts. Note. Control values were 100 { 3%. The * and ** refer to P õ 0.05 and P õ 0.01, respectively, compared to control levels as determined by Student's t test. sulin-stimulated decrease in fatty acid uptake was attenuated, suggesting that insulin had multiple effects on fatty acid uptake that were concentration depenUptake was linear for the first 10-15 s, reaching a dent. Insulin (100 nM) decreased the initial rate and plateau 40-60 s after the addition of cis-parinaric acid extent of [ 3 H]oleic acid uptake by 35% compared to (data not shown). cis-Parinaric acid uptake was concencontrol cells (Table II) . A similar reduction was seen tration dependent, with the equilibrium fluorescence using cis-parinaric acid (Table I) (Fig. 1A) . The changes in maximal fluoacid esterification into neutral lipids, compared to conrescence values at varying cis-parinaric acid concentratrol cells. Insulin treatment also altered the distributions were proportional to the amount of cis-parinaric tion of [ (Fig. 1B) . At higher cis-parinaric acid concentrations, saturation was observed in both maximal uptake (Fig.  1B) and in the initial uptake rate (Fig. 1A) .
Insulin effects on cis-parinaric acid uptake. The effect of insulin, glucagon, and epinephrine on fatty acid uptake in the absence of appreciable esterification was determined using cis-parinaric acid. Insulin (100 nM) dramatically reduced both the initial rate and extent of cis-parinaric acid uptake into L-cells (Table I ). In contrast, epinephrine (5 mM) or glucagon (10 nM) increased both the initial rate and extent of cis-parinaric acid uptake (Table I) . With insulin treatment, both maximal fluorescence and the initial uptake rate decreased in a dose-dependent manner in response to increasing insulin concentrations (Fig. 2) . However, at higher insulin concentrations (1000 nM) these curves begin to increase, suggesting that insulin had multiple The effects of insulin on fatty acid uptake and esterifi- 
Epinephrine (10 mM) 7 9 where n Å 2. The * indicates statistical significance from 0 nM, P õ 0.01. The ** indicates statistical significance from the 100 nM group, P õ 0.05. Cells were preincubated with insulin for 1 min at the indicated concentration and then incubated with [ 3 H]oleic acid (2 mCi) for 30 min.
cAMP levels (Table IV ). An active adenylate cyclase pathway was confirmed using prostaglandin E 1 (PGE 1 ) as a positive control. PGE 1 stimulated a 21-fold inoleic acid esterified into the neutral lipids (5 vs 12%) crease in cAMP levels compared to the basal, epinephand an increase in the proportion of [ 3 H]oleic acid ester-rine, and isoproterenol groups. Thus, although epiified into the phospholipids (82 vs 75%) for the insulin-nephrine increased cis-parinaric acid uptake, this intreated compared to control cells, respectively. Thus, crease does not appear to be related to an increase like cis-parinaric acid, insulin decreased both the ex-in cAMP levels resulting from b-adrenergic receptor tent and rate of [ (Table III) .
DISCUSSION
Insulin receptors. The presence of insulin receptors
The effect of insulin on fatty acid uptake and esteriin L-cells was confirmed using thermore, insulin decreased the amount of fatty acid Presence of b-adrenergic receptors. The presence of esterified into neutral and phospholipids, although inb-adrenergic receptors was evaluated by measuring sulin appeared to target a greater proportion of estericAMP levels during receptor stimulation. Neither epi-fied fatty acid into the phospholipid fraction. Because nephrine nor isoproterenol stimulated an increase in normal insulin levels in the circulation range from 0.05-0.3 nM (45), the levels used herein have been defined to be near physiologically relevant levels. Supra- creased. For cis-parinaric acid, the maximal uptake 10 63.4 { 4.0* 3.8 { 0.6* 9.9 { 2.9
and initial uptake rate was decreased 30 and 23%, re-100 55.0 { 3.6* 5.2 { 0.5* 6.6 { 1.0* 1000 65.5 { 0.9 6.7 { 0.1 7.9 { 1.9
spectively, following pretreatment with insulin (100 nM). Because cis-parinaric acid is poorly esterified, this
Note. Values represent means { SE and are expressed as pmol/ reduction represents reduced cellular fatty acid uptake mg protein, n Å 3, except for 1000 nM where n Å 2. The * indicates (17, 29) . For oleic acid, a readily esterified fatty acid, statistical significance from 0 nM, P õ 0.05. The cells were preincuboth maximal uptake and the initial uptake rate were bated with insulin for 1 min at the indicated concentrations and then incubated with [ cells. The difference in the magnitude of reduction for with the epinephrine acting through an alternative receptor pathway/mechanism. both the maximal uptake and initial uptake rate between cis-parinaric acid and oleic acid represents a deThe low levels of insulin needed to elicit an effect on fatty acid uptake and esterification suggests a receptorcrease in oleic acid esterification. Previous studies have shown that the difference in the magnitude of cis-pari-mediated process. Indeed, L-cells had both low and high affinity insulin receptors. However, the mechanaric acid and oleic acid uptake represents the contribution of oleic acid esterification into lipid pools, nisms whereby insulin caused a decrease in fatty acid uptake are unknown. The effects of insulin at all conthereby causing an increase in the magnitude of uptake (29) . Conversely, in the present study, a decrease in centrations were not the same, suggesting a complex set of dose-dependent processes were active. Nonetheoleic acid uptake relative to cis-parinaric acid uptake indicates a decrease in not only oleic acid uptake, but less, in L-cell fibroblasts, near physiologically relevant insulin concentrations significantly decreased fatty also esterification.
Oleic acid esterification was significantly altered by acid uptake and caused a shift in esterification pathways which favored fatty acid esterification into phosinsulin treatment in L-cell fibroblasts. Unlike rat intestinal rings in vitro where insulin did not alter fatty acid pholipids relative to neutral lipids, in spite of an overall decrease in fatty acid uptake. esterification (40), in L-cells insulin induced a dosedependent decrease in oleic acid esterification into both the phospholipids and neutral lipids. Insulin (100 nM) ACKNOWLEDGMENTS treatment caused a 28% reduction in [
